Background: Topoisomerase II-disabling antibacterials and anticancer drugs exist but not antimalarials. Results: Engineered Plasmodium falciparum topoisomerase II (PfTopoII) led to a functional enzyme and to early inhibitors with antimalarial properties in cell-based assays. Conclusion: Pure, stable PfTopoII is now ready for advanced HTS and lead optimization studies.
With 300 -500 million clinical cases, each year, malaria causes more than 0.5 million deaths worldwide (1, 2) . Among the five known human malaria parasites, Plasmodium falciparum and Plasmodium vivax are the major agents of pathology. Repeated emergence of drug-resistant parasites demands a continual search for new targets and new antimalarials (3) (4) (5) (6) (7) . Malaria parasites proliferate through rapid asexual cell division in humans. Starting with an estimated 10 -100 sporozoites, each incoming parasite expands exponentially to about 10 5 cells in the liver and 10 13 in red blood cells (8) . All such parasite transformations and growth involve continual but varying transcription and require smooth replication of the three parasite genomes (nuclear, mitochondrial, and apicoplast).
In all living cells, DNA topoisomerases play a key role in proper DNA transcription, DNA replication, DNA repair, and overall cell division (9 -15) . These enzymes are responsible for relieving DNA topological constraints that are generated during cellular activity on genomes. The obligatory requirement of topoisomerases for cell function has been exploited to treat bacterial infections and cancer (10 -14) . The fluoroquinolone class of inhibitors, like ciprofloxacin, target bacterial DNA gyrase and topoisomerase IV (10, 11) . Newer piperidinylalkylquinolines, like GSK299423, target bacterial gyrases (11, 14) . Human topoisomerase IIs are targeted by etoposide and teniposide (derivatives of podophyllotoxins) and doxorubicin and daunorubicin (derivatives of anthracyclines) (12, 13) .
Topoisomerases are broadly classified as type I or as type II enzymes based on their mode of action on DNA (9, 15) . Type I topoisomerases are monomeric, metal ion-dependent, and ATP-independent. They cleave a single-strand of DNA and, by swivel mechanisms, help to relax both negative and positive DNA supercoils. Type II DNA topoisomerases are dimeric or heterotetrameric, ATP and metal ion-dependent. They bind DNA and cleave both strands to create a gate through which a neighboring duplex DNA can pass. Thus, type II enzymes can help to relax both negative and positive supercoils and can also decatenate and unknot tangled DNA (9, 15) .
The malaria parasite nuclear genome codes for both type I and type II topoisomerases. P. falciparum has two putative type I enzymes (topoisomerase I and III) and three putative type II enzymes (topoisomerases II and VI and DNA gyrase) (from the PlasmoDB: Plasmodium Genomics Resource and Ref. 17 ). The functional unit of each topoisomerase I, II, and III is encoded by single gene, and each of topoisomerase VI and DNA gyrase is encoded by two gene products (from the PlasmoDB: Plasmodium Genomics Resource and Ref. 17) . Even a decade after sequencing of the malarial genome (17) , biochemical functions for the majority of malarial topoisomerase are unrealized. This is directly related to the previous unavailability of dependable heterologous systems to express functional malarial enzymes (18, 19) . Except for the malarial DNA gyrase B (20) , a subunit of gyrase, and topoisomerase I (21) , the remaining five malarial topoisomerase genes have not been expressed successfully in heterologous expression systems. Further, gel-based assays that are commonly used to study topoisomerase inhibitors are tedious and not quantitative. Thus, in addition to obtaining pure, active enzyme, development of high throughput fluorescent assays for topoisomerases would greatly facilitate target-based drug development against malaria parasites (22, 23) .
Recently, we demonstrated the broad utility of a wheat cellfree protein expression system to successfully express several malarial enzymes in functional form (24, 25) . When malaria gene codons are altered for expression in the wheat system, one sees improvement in the quality of functional protein and also increased expression. In this report, we express milligram quantities of functional P. falciparum topoisomerase II, using a wheat cell-free system and subsequently purifying the stable active protein. A simple, sensitive fluorescent assay for topoisomerase II was also established and, based on early work with existing topoisomerase II inhibitors against other pathogens, we demonstrate that malarial topoisomerase II offers an opportunity to identify and ultimately optimize species-specific malarial topoisomerase inhibitors.
Experimental Procedures
Bioinformatics-Topoisomerase II proteins from P. falciparum (PlasmoDB ID PF14_0316; new PlasmoDB ID PF3d7_ 1433500), P. vivax (PlasmoDB ID PVX_084855), Homo sapiens (TopoIIA: GenBank TM accession no. AAC77388.1 and TopoIIB: GenBank TM accession no. NM_001068.3), and Saccharomyces cerevisiae (GenBank TM accession no. AAB36610.1) were aligned by ClustalW method on Genius software (Biomatters, Ltd., Auckland, New Zealand). A model structure of P. falciparum topoisomerase II (PfTopoII) 2 was built based on the available crystal structure of human and yeast topoisomerase IIs using Modeler and Rosetta tools (26, 27) .
Subcloning of PfTopoII Gene into Cell-free Expression Vector-Codons of the PfTopoII gene (PlasmoDB ID PF3d7_ 1433500) were optimized for wheat expression system and chemically synthesized with desired restriction sites on each end of the gene (Life Technologies, Inc.). The PfTopoII synthetic gene and wheat cell-free plasmids were digested with restriction enzymes and purified through gel extraction (Qiagen). Ligated DNA samples were transformed into E. coli DH5␣ chemically competent cells (Life Technologies) and grown overnight on ampicillin-containing agar plates at 37°C. Fulllength gene insertion into cell-free expression plasmid was verified by colony PCR (25) . The active site mutant (Y829A) of PfTopoII (PfTopoII-M) was constructed using the following primers: P1, 5Ј-AAGGACGCCTCCGCTGCGCGGGCTATC-TTTACCAAGCTCGCCTCCAGC-3Ј and P2, 5Ј-GCTGGAG-GCGAGCTTGGTAAAGATAGCCCGCGCAGCGGAGGC-GTCCTT-3Ј and a QuikChange mutagenesis kit (Agilent Technologies, Santa Clara, CA). The underlined bases in the primer sequence represent the mutagenic site. Various truncated forms of PfTopoII gene were also constructed based on domain assignments (see Fig. 4A ) using primers listed in Table 1 . Plasmids were isolated using plasmid isolation kits (Qiagen), and their quality was checked and confirmed by DNA sequencing. These isolated plasmids were used for cell-free transcription and translation. A GFP-expressing plasmid (24, 25) was used as a positive control in wheat germ expression studies.
Wheat Germ Cell-free Transcription and Translation-Wheat germ lysate, an essential component of the wheat cellfree protein expression system, was prepared in-house (25) . Cell-free transcription, translation, and radiolabeling of proteins by a batch method and translation by a dialysis method were described earlier (25) . Before purifying PfTopoII-⌬CTD (construct IV as shown in Fig. 4 ) on a double-stranded DNAcellulose column, fresh protocols for scaled up cell-free transcription and translations were established (see below).
A typical scaled up transcription reaction was carried out in 40 ml with 3 mg of PfTopoII-⌬CTD gene-carrying plasmid, 80 mM HEPES-KOH, pH 7.8, 16 mM magnesium acetate, 2 mM spermidine, 50 mM ␤-mercaptoethanol, 1 kilounits of ribonuclease inhibitor (New England Biolabs), 30 kilounits of SP6 RNA polymerase (New England Biolabs, Ipswich, MA), and 3 mM each of GTP, ATP, CTP, and UTP. The transcription mixture was incubated at 37°C for 4 h. Turbidity appears during the transcription process because of pyrophosphate released from nucleotide triphosphates and ␤-mercaptoethanol from the transcription mixture. At the end of transcription, such a precipitate was removed by centrifuging at 8,000 ϫ g for 2 min, and the supernatant was collected. To eliminate the PfTopoII-⌬CTD coding plasmid from mRNA, the supernatant was treated with 1000 units of TURBO DNase and 2 ml of 10ϫ reaction buffer (Life Technologies, Inc.) at 37°C for 1 h. This DNase treatment was to digest the internal DNA transcription templates that could compete with DNA-cellulose for binding to PfTopoII-⌬CTD. After the treatment, DNase from the PfTopoII-⌬CTD mRNA was denatured by phenol chloroform extraction, and the mRNA was recovered in the aqueous phase on Phase Lock Gel (5 Prime, Inc., Gaithersburg, MD). The aqueous phase contained PfTopoII-⌬CTD DNA-free mRNA, and this was ethanol-precipitated, washed with 70% ethanol, and solubilized in 15 ml of autoclaved distilled water.
Cell-free translation of purified PfTopoII-⌬CTD mRNA was carried out using a dialysis reaction method (25) . Starting with 15 ml of PfTopoII-⌬CTD, 40 mg of mRNA, 1600 units of wheat germ lysate (280 mg of protein), 8 mg of creatine kinase, 1000 units of ribonuclease inhibitor, and 8 ml of 5ϫ protein expression buffer (1-protein expression buffer: 30 mM HEPES-KOH, pH 7.8, 100 mM potassium acetate, 2.7 mM magnesium acetate, 5 mM DTT, 0.4 mM spermidine, 0.3 mM each of 20 amino acids, 1.2 mM ATP, 0.25 mM GTP, 16 mM creatine phosphate), the volume was adjusted to 40 ml with autoclaved distilled water. Each 20-ml portion of translation reaction mixture was placed in a 2.5 ϫ 75-cm cellulose membrane tube (12,000 -14,000 molecular weight cutoff; Spectrum Laboratories, Inc., Rancho Dominguez, CA). The dialysis tubes were sealed, and the reac-tion mixture was distributed evenly along the length of the dialysis tube. It was then immersed in 200 ml of 1ϫ protein expression buffer and incubated at 26°C for 36 h. At the end, translated samples were spun at 20,000 ϫ g for 15 min at 4°C, and the soluble fraction was used for enzyme purification.
Gel-based Topoisomerase II Assay-The catalytic function of cell-free translated full-length PfTopoII and its truncated variations were tested based on eukaryotic type II topoisomerase protocols (28) . A typical 40-l reaction contained topoisomerase II assay buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10 mM MgCl 2 , 5 mM DTT, and 2 mM ATP), 180 ng of kinetoplast catenated DNA (kDNA) from the insect parasite Crithidia fasciculate (Topogen, Inc., Port Orange, FL), or 180 ng of supercoiled pUC18 plasmid and appropriate quantities of PfTopoII, PfTopoII-M, or GFP translated lysates. At the end of 30 min of incubation at 26°C, the reactions were stopped by adding 5 l of 0.25 M EDTA. Topoisomerase II-catalyzed reaction products were resolved from their reaction substrates on 1% agarose gel in TAE buffer (40 mM Tris acetate with 1 mM EDTA at pH 8.3) and visualized by ethidium bromide. The supercoiled pUC18 plasmid for relaxation assay and as a marker was prepared using Qiagen plasmid isolation kits followed by dissolving plasmid DNA in Tris-EDTA buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) and stored at 4°C. The relaxed plasmid marker was prepared in 0.5 ml of relaxation buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 1 mM DTT) containing 100 g of supercoiled pUC18 plasmid and 200 units of vaccinia virus topoisomerase I (Epicenter, Madison, WI) followed by incubation at 37°C for 1 h. Topoisomerase I from the reaction mixture was denatured by phenol chloroform extraction, and the relaxed plasmid was recovered in aqueous phase on the phase lock gel. The relaxed plasmid in the aqueous phase was ethanol-precipitated, dissolved in Tris-EDTA buffer, and stored at 4°C.
Fluorescence Assay for Topoisomerase II-The quick and convenient fluorescence decatenation assay is based on selective precipitation of large starting kDNA networks by centrifugation (34), followed by fluorescent quantification of released decatenated DNA products in supernatant solutions using SYBR Green I (Life Technologies, Inc.). The topoisomerase II assays were set up as described for the gel-based decatenation assay (see above). After stopping the reactions with EDTA, samples were spun at 13,000 ϫ g for 10 min to precipitate unreacted kDNA. Supernatants of 30 l were mixed with 60 l of 13,000-fold, TAE-diluted SYBR Green I and fluorescence was measured on a multi-mode microplate reader, Synarge 4 (BioTek Instruments, Inc., Winooski, VT). Decatenated DNA products from the supernatants were quantified using a DNA calibration curve. In anticipation of using DMSO with inhibitors, various concentrations (v/v) of DMSO were added at the start of decatenation assay to follow any changes in activity. Direct effects of changes in DNA fluorescence caused by solvent changes were assessed separately.
Purification of Cell-free Expressed PfTopoII-⌬CTD-Wheat cell-free translated untagged PfTopoII-⌬CTD was purified on dsDNA-cellulose column. To a 40-ml supernatant of PfTopoII-⌬CTD translated lysate, 200 ml of binding buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA and 5 mM DTT) and 300 mg of dsDNA cellulose (Sigma-Aldrich) were added and mag-netically stirred for 3 h. Sample was then loaded onto a column and washed with 50 ml of wash buffer (50 mM Tris-HCl, pH 8.0, 125 mM NaCl, 1 mM EDTA, and 5 mM DTT). DNA-bound PfTopoII-⌬CTD was eluted in 15 ml of high salt buffer (50 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, and 5 mM DTT). Eluted samples were concentrated and further purified on an AKTA system connected to a Sephadex G-200 column (GE Healthcare) equilibrated with high salt buffer. Column-eluted PfTopoII-CTD-containing samples were pooled, concentrated, and equilibrated with binding buffer containing 10 mM MgCl 2 and 2 mM ATP. Concentrated PfTopoII-⌬CTD protein was quantified using the Bradford method (29) (Bio-Rad). From a 40-ml translation, 0.3 mg of pure PfTopoII-⌬CTD protein was collected with a specific activity of 100 mg of decatenated DNA h Ϫ1 mg Ϫ1 .
Primary Structure of the Purified PfTopoII-⌬CTD-Enzyme eluted from the Sephadex G-200 column above was analyzed by mass spectrophotometry to validate its makeup. Purified PfTopoII-⌬CTD (100 g) was dissolved in a denaturation buffer (8 M urea, 0.1 M ammonium bicarbonate, pH 8.0, and 12 mM DTT). After incubation at 37°C for 30 min, iodoacetamide was added to 40 mM and incubated at room temperature for 1 h. The denatured protein was then diluted 10 times with 0.1 M ammonium bicarbonate, followed by overnight digestion at 37°C with 1 g of trypsin (Promega, Madison, WI). Proteolysis was stopped by adding formic acid to 0.1%. The peptides were then analyzed with Finnigan LTQ ion trap mass spectrometer ((Thermo Fisher Scientific) with Agilent 1100 capillary liquid chromatography inlet (Santa Clara, CA). Data were analyzed with Proteome Discoverer 1.4 from Thermo Fisher Scientific.
Synthesis of GSK299423-GSK299423 synthesis was carried out using three key intermediates (14) . Oxathiolo-pyridine-carbaldehyde was derived from commercially available kojic acid (Sigma-Aldrich), and cyano-quinoline-piperidine amine was synthesized from 4-ethenyl-6-(methyloxy)-3-quinolinecarbonitrile (Sigma-Aldrich). Finally, the target GSK299423 was derived from reductive amination of the above aldehyde and the amine provided, and its structure was confirmed by 1 H NMR and electrospray ionization-MS.
Inhibitor Binding Studies-Select type II topoisomerase inhibitors were tested on PfTopoII, PfTopoII-⌬CTD, and human TopoII␣ using the newly established fluorescence assay (see above). Inhibitory activities of test compounds on PfTopoII-⌬CTD were tested in the presence of 100 mM NaCl in the assay buffer. For full-length PfTopoII and human TopoII␣ assays, NaCl concentration was set at 150 mM. Various concentrations of etoposide (Sigma-Aldrich), ciprofloxacin (Enzo Life Sciences, Inc., Farmingdale, NY), and GSK299423 were prepared in 60% DMSO. Aliquots (2 l) of concentrated inhibitors in 60% DMSO were added to the decatenation reaction mixture, and the assays were initiated by adding 0.5 g of PfTopoII, or 1 unit of human TopoII␣ (Topogen, Inc., Port Orange, FL). At the end of 30 min of incubation at 26°C, reactions were stopped by adding EDTA, and fluorescence of decatenated DNA was measured as described (see above). Half-maximal inhibitory concentrations (IC 50 ) for all inhibitors were calculated on GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). AUGUST 14, 2015 • VOLUME 290 • NUMBER 33
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DNA Cleavage Assay-Plasmid DNA cleavage assays were carried out as reported (14) with a few modifications. Topoisomerase II-catalyzed plasmid relaxation assays used solvents and buffers described above for the gel-based topoisomerase II assays. A total volume of 20 l, with various quantities of inhibitors in DMSO (or plain 3% DMSO), was added to 30 ng of purified PfTopoII-⌬CTD. After 30 min at 26°C, reactions were stopped by adding SDS to 0.2% followed by proteinase K (Life Technologies, Inc.) treatment for 30 min at 37°C. Samples were resolved overnight by 1% agarose gel electrophoresis in TAE buffer, at 1 V/cm and visualized using ethidium bromide at 0.1%.
Testing of Inhibitors on Malarial Parasites-Inhibition of proliferation of P. falciparum clones, 3D7, Dd2, and HB3 (3, 4) or mouse L1210 cells (22) by select type II topoisomerase inhibitors was measured by following the uptake of radioactive hypoxanthine (30) .
Results
Bioinformatics Analysis of PF3d7_1433500 -A putative 4419-base pair DNA sequence of P. falciparum DNA topoisomerase II (PfTopoII) was identified on PlasmoDB (PF3d7_ 1433500; old ID PF14_0316). The predicted 1472-amino acid protein sequence of PfTopoII was aligned to topoisomerase IIs of S. cerevisiae (ScTopoII) and H. sapiens (HsTopoII␣ and HsTopoII␤) ( Fig. 1A) . Including an insertion of a 67-amino acid asparagine-rich sequence (between amino acids 306 and 375), PfTopoII had 40 and 36% identity to human and yeast topoisomerase IIs, respectively. Three distinct functional domains within PfTopoII were identified based on available biochemical information from yeast (28, 31) and human topoisomerase II PF3d7_1433500 Gene Product Is a Type II Topoisomerase-A systematic effort was devoted to conclusively demonstrate topoisomerase function from PF3d7_1433500. Just as expression of functional malarial proteins in heterologous cell-based systems has been difficult for the malaria community (18, 19) , attempts to express PfTopoII have also been difficult (33) . Our recent success in expression of a large set of active malaria enzymes in a wheat cell-free expression system (24, 25) encouraged us to subclone a wheat-optimized, chemically synthesized PfTopoII gene into a cell-free expression vector for wheat-based translation. In parallel, a vector was prepared to express an active-site mutant (Y829A) form of PfTopoII. This served as a control for potential background topoisomerase catalytic activity from wheat extract. Finally, a GFP-expressing vector served as a control to monitor the quality of the translation preparations.
First, expression of full-length PfTopoII and PfTopoII-M (the active-site mutant) was confirmed by autoradiography upon protein synthesis in the presence of radioactive amino acids ( Fig. 2A ). The protein products were seen as single entities with the expected mass of 169 kDa ( Fig. 2A ). Next, catalytic function of PfTopoII was tested using scaled up, cell-free translation lysates and nonradioactive amino acids. In a simple direct assay, relaxed plasmid product was produced from supercoiled DNA in the presence of PfTopoII translated lysate, and only when both magnesium and ATP were present (Fig. 2B ). The PfTopoII function was further confirmed by a more demanding decatenation assay (Fig. 2C ). Time-dependent release of decatenated products from kDNA was seen from PfTopoII translated lysates, but not from the active site mutant PfTopoII-M nor from GFP translated lysates (Fig. 2D ). This decatenation of kDNA by PfTopoII was dependent on both magnesium and ATP. Based on these data, we conclude that the 169-kDa fulllength protein product of PF3d7_1433500 is a functionally active type II topoisomerase.
Fluorescence-based Decatenation Assay for Topoisomerase II-Type II topoisomerase gel-based assays, although informative about the state of the DNA substrates and products, are not well suited for screening of many chemical inhibitors. Others have tried alternatives such as tracking the ATPase function of type II topoisomerase using coupled enzymes (34), supercoilspecific triplex DNA formation (35) , flow injection-based decatenation (36) , and dual color fluorescence cross-correlation spectroscopy (37) . We sought a simple, direct, selective, and sensitive fluorescence assay that tracked the decatenation activity of TopoII. Ideally, such an assay would be sensitive to the full natural catalytic cycle of type II topoisomerase enzymes and not give false signals with enzymes that nick single strands of DNA. Below, we describe a fluorescence-based decatenation assay that relies on selective precipitation of kDNA substrate networks, by centrifugation, away from TopoII-catalyzed decatenated products (38) .
During method validation, decatenation reactions were initiated with PfTopoII, PfTopoII-M, and GFP translated lysates and then stopped at various time intervals using EDTA (see "Experimental Procedures"). The aliquots were first analyzed on agarose gel before and after centrifugation to remove catenated kDNA substrate. Before centrifugation, both starting kDNA and decatenated DNA product were seen in reactions run with PfTopoII, but only the starting kDNA substrate was seen in control reactions with PfTopoII-M or GFP (Fig. 3A) . After centrifugation, kDNA substrate was absent in all samples (Fig. 3A) . Because only the PfTopoII catalyzed reactions showed decatenated DNA products, the stage was set for a rapid method to selectively detect decatenated DNA products. To visualize products as a fluorescent signal, the supernatant samples of decatenation reactions were mixed with the DNA binding dye, SYBR Green I. Initially, at time 0, fluorescence in samples containing kDNA, SYBR Green I, and translated lysates of PfTopoII, PfTopoII-M, or GFP was nearly identical. 2-3, 8 -10, 16, and  17) . The decatenated product remained in solution after centrifugation (lanes [13] [14] [15] . Catenated starting DNA was visible before centrifugation but not after centrifugation (lanes 11-17) . B, time-dependent, PfTopoII-generated decatenated DNA products was measured by fluorescence in the supernatant using a DNA binding dye. Control lysates (GFP or mutant PfTopoII-m) failed to generate fluorescent decatenated DNA in the supernatant. C, stimulation of malarial PfTopoII activity by DMSO.
After centrifugation, as the kDNA pelleted out, more than 95% of the fluorescence decreased ( Fig. 3B) , which is consistent with the data from the agarose gel (Fig. 3A) . In a time-dependent analysis of potential decatenation involving PfTopoII translated lysates, there was a linear increase in fluorescence in the supernatant after centrifugation in the presence of PfTopoII for up to 30 min. Such a response was absent in PfTopoII-M and GFP initiated reactions. The large increase in fluorescent signal in PfTopoII catalyzed reactions, but not in PfTopoII-M or GFP, validates the sensitivity and selectivity of this fluorescence decatenation assay.
Next, in anticipation of using this convenient assay with nonpolar potential inhibitors of PfTopoII, the effect of DMSO on PfTopoII activity was tested. As the DMSO concentration increased from 0 to 2%, PfTopoII decatenation activity increased by 2-fold compared with reactions without DMSO (Fig.  3C ). The stimulation peaked at 3% DMSO, after which there was a steep decrease. Complete inhibition of PfTopoII was seen when DMSO exceeded 9% (v/v). Controls showed no change in fluorescent DNA quantities with kDNA alone, GFP, or PfTopoII-M at all tested DMSO concentrations (Fig. 3C) .
Stabilization and Purification of Functional PfTopoII, Lacking CTD-In preliminary studies, the full PfTopoII enzyme became inactive within a few hours after early purification steps. The native enzyme is expected to be a dimer of a single polypeptide, each carrying a NAD, a CRD in the middle, and a CTD of unknown function (Fig. 4A ). Gene fragments, corresponding to NAD, CRD, and CTD, and a combined NAD-CRD or CRD-CTD were cloned separately into a cell-free expression vector (Table 1 and Fig. 4A ). Cell-free expression from these truncated gene sequences yielded soluble protein (Fig. 4B ). In the presence of 0 and 50 mM NaCl, none of constructs, including full-length PfTopoII, displayed detectable decatenation activity ( Fig. 4C) . At 150 mM NaCl, maximum decatenation activity was seen in full-length PfTopoII, and at 100 mM NaCl, the ATPase-cleavage reunion domain (NAD-CRD) showed maximum decatenation activity.
Decatenation activity in NAD-CRD translated lysate indicated that the CTD of PfTopoII was dispensable for the in vitro catalytic function of PfTopoII. The ATPase and the cleavage reunion domain were necessary and sufficient for the catalytic function of topoisomerase II. Hereafter, the ATPase-cleavage reunion domain (NAD-CRD) is named PfTopoII-⌬CTD. Incidentally, the NAD domain could not complement TopoII function in trans to the CRD-CTD unit: when mRNAs derived from plasmids harboring NAD and CRD-CTD gene fragments were co-expressed in a cell-free system (sample NAD ϩ CRD-CTD in Fig. 4B ), there was no decatenation activity using 0 -200 mM NaCl (NAD ϩ CRD-CTD in Fig. 4C ).
Deletion of CTD from PfTopoII improved functional stability and permitted purification of PfTopoII-⌬CTD with full decatenation activity. We exploited the enzymatic properties of PfTopoII to facilitate purification. As described above, optimal salt concentrations were required for turnover of DNA by PfTopoII. It is possible that, during the catalytic cycle, at high salt concentrations, PfTopoII is unable to bind DNA to initiate the cleavage reaction, and at low salt concentrations, PfTopoII is not released from religated DNA. We further hypothesized that PfTopoII-⌬CTD would bind to DNA in a magnesium-free environment but not cleave DNA and that such binding could be reversed by higher salt concentrations. To test this "bind and release" strategy for enzyme purification, it was necessary to modify the cell-free transcription protocol to minimize the amount of residual DNA plasmid/template to help promote binding of PfTopoII-⌬CTD protein on DNA-cellulose. Thus, after transcription but before initiation of cell-free PfTopoII-⌬CTD synthesis, DNA template was digested with Turbo DNase. The DNase was subsequently denatured and removed Final purification on a gel filtration column yielded more than 90% pure dimeric PfTopoII-⌬CTD (Fig. 4D) . The identity and amino acid sequence of purified PfTopoII-⌬CTD was confirmed by mass spectroscopy (see "Experimental Procedures"). Storage of purified PfTopoII-⌬CTD for more than 3 weeks at 4°C in the presence of magnesium and ATP resulted in no loss in decatenation activity.
Inhibition of PfTopoII by Type II Topoisomerase Inhibitors-Type II topoisomerases are targeted by many antibacterial (10, 11, 14) and anticancer agents (12, 13) . Different classes of inhibitors bind differently to type II topoisomerases with different mode of inhibition (see Fig. 6B ). After purifying functional PfTopoII-⌬CTD and establishing a fluorescent assay, the potency and selectivity of known type II topoisomerase inhibitors against the malaria enzyme were tested. Representative inhibitors from each of three classes of inhibitors were chosen: GSK299423 (a piperidinylalkylquinoline), ciprofloxacin (a fluoroquinolone), and etoposide (a epipodophyllotoxin). GSK299423 was synthesized (Fig. 5A) as reported (14) , and the other two inhibitors were from a commercial source.
Initially, we confirmed that full-length PfTopoII from translated lysate and the truncated, purified PfTopoII-⌬CTD had comparable inhibitor binding properties ( Table 2) . To test potential selectivity of GSK299423, ciprofloxacin, and etoposide, parallel inhibition studies were carried out on HsTopoII␣. GSK29942, a bacterial gyrase inhibitor, inhibited decatenation function of PfTopoII and PfTopoII-⌬CTD with a half-maximal inhibitory concentrations (IC 50 ) of 0.6 Ϯ 0.2 and 2.5 Ϯ 0.3 M, respectively. This compound displayed less potency toward HsTopoII␣ with an IC 50 of 10 Ϯ 2 M (Fig. 5B ). GSK299423 inhibited growth of 3D7, Dd2, and HB3 clones of P. falciparum with IC 50 of 2.0 Ϯ 0.1, 6.4 Ϯ 1.7, and 2.1 Ϯ 0.7 M respectively, while displaying at least 50-fold less potency (EC 50 ϭ Ͼ100) against mouse lymphocytic leukemia cells (L1210) ( Table 2) . Ciprofloxacin, another bacterial gyrase inhibitor, was 50-fold selective toward PfTopoII over HsTopoII␣. It displayed 41-fold selectivity toward proliferating parasite cells over mouse cell lines ( Table 2) . Etoposide, a HsTopoII␣ inhibitor, displayed similar inhibition activity on both PfTopoII and hTopoII␣ ( Table 2) . PfTopoII inhibitor binding pockets appear to be similar to bacterial Type II topoisomerases because of similar amino acids at inhibitor binding pockets and possibly because of similar effects from distant sites in the large, complex enzyme system.
Next, we explored the mechanisms by which each of these compounds blocked the complex catalytic cycle of PfTopoII. Etoposide is known to make double-stranded DNA breaks in HsTopoII-catalyzed reactions (12) . On the other hand, GSK299423 creates single-stranded DNA breaks in gyrase-catalyzed reactions (14) . To determine whether and which types of DNA breaks are generated in malarial topoisomerase II-catalyzed reactions, we tested these two compounds in a plasmid relaxation assay with purified PfTopoII-⌬CTD. Relaxation reactions were stopped by SDS and treated with proteinase K to digest DNA bound PfTopoII-⌬CTD. DNA was resolved on 1% agarose gel and visualized by ethidium bromide. In a control reaction with PfTopoII-⌬CTD alone, all supercoiled plasmid was converted into relaxed plasmid (Fig. 5C ). Upon addition of the highest concentration (50 M) etoposide to the relaxation reaction, plasmid not only relaxed, but also created an additional DNA band (arrow), which was of similar size to a linearized plasmid. This suggests that etoposide-treated PfTopoII freezes the enzyme after making double-stranded DNA breaks, just as seen with the mammalian enzymes. As the concentration of etoposide decreased, the corresponding linear plasmid band intensity decreased. In contrast, such double-strand DNA breaks were not generated in the presence of GSK299423 or danofloxacin (a control). Just as seen with the purified enzyme, etoposide-mediated TopoII-cleaved nuclear genomic DNA was previously reported in P. falciparum cells (39) . Together, these results confirm that etoposide can target nuclear localized PfTopoII and cause cell death through double-stranded DNA breaks.
Inhibition by the highest concentration (25 M) of GSK299423, as viewed by plasmid relaxation assay, showed complete inhibition of PfTopoII-⌬CTD but arrested PfTopoII function differently compared with etoposide ( Fig. 5C ). Reducing GSK299423 concentration down to 5 M allowed the supercoiled DNA plasmid substrate to relax, but this created a DNA product with a size characteristic of a plasmid with a single- stranded DNA break. The absence of similar breaks in the presence of danofloxacin or etoposide (Fig. 5C ) indicates that GSK299423 allows PfTopoII to generate asymmetric singlestranded DNA breaks at the DNA binding site. Overall, the availability of pure fully functional PfTopoII will not only allow discovery of new antimalarial leads and their optimization but also inform on their potentially varying modes of action.
Discussion
With potentially decreasing efficacy of artemisinin-based antimalarials (5, 7) , there is an urgent need to identify safe, effective drugs against malaria that work through novel mechanisms for this disease. The current global antimalarial drug portfolio is rich in artemisinin derivatives and related synthetic endoperoxides, but with few new chemical warheads with new modes of action (Medicines for Malaria Venture). The current portfolio of new, upstream targets is still very limited, there is a high attrition rate of candidate inhibitors, and many of these compounds will have to be deployed jointly as part of novel combinations.
One important way to develop new antimalarials is to identify new targets based on successes with other infectious pathogens and based on a priori knowledge of biology. Topoisomerase II, the target against many bacterial diseases, plays an obligatory role in cell growth. During all stages of the malaria life cycle, the processes of cell maintenance, cell division, cell repair, and cellular mating are expected to generate entangled chromatids that must be separated for normal function and growth. Transcription and replication around antiparallel double-stranded DNA creates topological constraints and supercoiling tension both in front of and behind DNA sequences engaged in replication and transcription (9 -13, 15) . Without fully functional topoisomerase II, malaria parasites would suffer from stalled transcription and replication and would experience rapid cell death. In recent years, large scale genomic studies have further affirmed the value of topoisomerase II as a potential drug target.
PfTopoII is a single copy gene on chromosome 14, and its expression is seen across all stages of the parasite life cycle (from the PlasmoDB: Plasmodium Genomics Resource and Refs. 41 and 42) . Within malarial parasite cells, PfTopoII protein is localized to the nucleus (41) (42) (43) (44) . Extensive proteomic studies also identified PfTopoII expression across all asexual and sexual stages of parasite (44 -47) . Pioneering studies with partially purified parasite lysate have suggested that ATP and magnesium-dependent decatenation activities in parasite lysates are sensitive to both prokaryotic and eukaryotic type II topoisomerase inhibitors (48, 49) . Further progress in understanding PfTopoII function and inhibitor binding properties and in exploiting newer tools in drug discovery such as high throughput screens, structure-based drug discovery, and modern iterative lead optimization campaigns are hampered by lack of an active malaria target protein in large quantities.
As an extension of our long time interest in exploiting hostparasite differences in nucleotide and DNA metabolism for antimalarial discovery (24, 25, 30, 50 -52) , we sought to develop a robust platform for developing species-specific malarial topoisomerase II inhibitors. By utilizing a wheat cell-free system to produce functional malaria enzymes (24, 25) , it was possible to express PfTopoII in functionally active form. A topoisomerase II fluorescent assay was developed that is simple, sensitive, and selective, and we identified optimum assay solvents to get maximum activity from the recombinant protein.
Through construction of various truncated forms of PfTopoII gene followed by expressing in cell-free system, we learned that double-strand DNA cleavage, ATP-dependent strand passage of a different DNA through the break and re-ligation of cleaved DNA by PfTopoII require a covalently connected NAD domain and CRD domain, but that the C terminus domain is expend-able. Finally, a salt-dependent DNA affinity chromatography step helped purify stable malarial PfTopoII-⌬CTD that had full decatenation activity.
Existing topoisomerase inhibitors developed for other indications can both serve as an inspiration for developing inhibitors tailored for treating malaria and provide a starting framework for developing Plasmodium TopoII inhibitors. Representatives of the three prototype bacterial and human type II topoisomerase inhibitor classes discussed here are ciprofloxacin, GSK299423, and etoposide (Fig. 6A ). All three type II DNA topoisomerases were active against purified PfTopoII (Table 2 and Fig. 5B ). Etoposide, often used for treating human cancers, displayed no significant selective inhibition of PfTopoII over the human enzyme. However, importantly, mechanistic studies showed that etoposide-inhibited PfTopoII formed doublestranded DNA breaks as seen in the plasmid relaxation assay (Fig. 5C ). This in vitro result with purified enzyme is consistent with an earlier demonstration that etoposide treatment generates genome-wide DNA breaks in P. falciparum (39) . These results are consistent with the idea that the etoposide target is the nuclear-localized PfTopoII, although the challenge is to understand how this particular class of TopoII inhibitors may be optimized and deployed with selectivity. Ciprofloxacin, heavily used as an antibacterial, has previously been tested as an experimental inhibitor of P. falciparum (53) (54) (55) (56) , Trypanosoma brucei (57) , and Leishmania panamensis (16, 58) . In those studies, without structural optimization, the compound showed more than 70-fold selective inhibition of parasite cells over human macrophage cells ( Table 2 ). In our current work, ciprofloxacin inhibited purified PfTopoII with 50-fold selectively over the human enzyme, raising the possibility that the cellular selectivity arises from an intrinsic difference in species-specific target binding that can be improved through lead optimization. Even more encouraging, the bacterial gyrase inhibitor GSK299423 showed 50-fold selective growth inhibition of parasite cells over mammalian cells, and a significant component seems to arise from the 15-fold intrinsic selectivity for the malarial PfTopoII over the human enzyme. In our mode of action studies, unlike etoposide, GSK299423inhibited PfTopoII generated single-stranded DNA breaks (Fig. 5C ), as seen with treatment of bacterial gyrase with GSK299423 (14) . Although the inhibitory activity of ciprofloxacin and GSK299423 correlates well between purified PfTopoII and malaria parasite, additional studies are needed to solve crystal structures of inhibitor-bound PfTopoII and to biochemical characterize the remaining topoisomerases and genetically manipulated parasites to rule out alternate possibility. To help visualize the different modes by which these different type II topoisomerase inhibitors may act on the malaria enzyme with selectivity over the human enzyme, a schematic model was generated based on the crystal structures of inhibitor-protein-DNA tertiary complexes of HsTopoII␤ (40) and bacterial DNA gyrase (14) . From an end view (Fig. 6B ), the DNA substrate (gray) is wrapped by TopoII polypeptides (dark gray surface). Ciprofloxacin (cyan) makes contact with the enzyme (dark gray surface) and the DNA (gray) (Fig. 6B ). The quinolone group of ciprofloxacin (cyan) rests between the DNA base pairs (gray), whereas the piperazine and carboxyl groups of the quinolone contact the topoisomerase (14) . In contrast, the new bacterial DNA gyrase inhibitor, GSK299423 (green) inhibits topoisomerases by a different mode (Fig. 6B) . After inserting the quinoline-carbonitrile group into the DNA double-helix base pairs, the oxothiolo-pyridine group of GSK299423 sits on the topoisomerase at a noncatalytic dimeric interface of the cleavage reunion domains (14) . Finally, the polycyclic core of etoposide (purple) sits between DNA base pairs, whereas the diacetophenone end extends into the protein topoisomerase ( Fig. 6B) (40) . Superimposing the PfTopoII (PF3d7_1433500) sequence on the existing crystal structures from other species points to a number of malarial amino acid residues that are different in the parasite enzyme compared with the human counterpart, in addition to other distant protein variations that likely contribute to selectivity. In a reported crystal structure showing the binding mode of ciprofloxacin with topoisomerase, the carboxyl group of the quinolone contacted Ser-84 of gyrase A (13) . The corresponding residue in PfTopoII is Ser-786 ( Fig. 1D) . Thus, selective inhibition of PfTopoII by GSK299423 over the human enzyme may be due to the shared residues between parasite and the bacterial enzymes at the interface of the cleavage reunion domains that are responsible for bacterial gyrase inhibition. There are also differences; the crystal structure of Staphylococcus aureus gyrase-bound GSK299423 (14) displayed Met-121 as one of five important residues for selective inhibition of enzyme. The corresponding residue in PfTopoII is Ala-827 and in HsTopoII␣ and HsTopoII␤, it is Pro-803 and Pro-819, respectively. Lessons from malarial dihydrofolate reductase-thymidylate synthase teach us that, in addition to active site host-parasite differences in drug binding, other host-parasite differences such as expression levels and nature of gene regulation can also contribute to drug selectivity in unexpected ways (30) .
In summary, we have expressed functional P. falciparum topoisomerase II and developed fast reliable methods to purify and assay the enzyme. With existing TopoII inhibitors, we have also demonstrated that this platform is ready for screening new molecules, for crystallization of this high value target, and for informative lead optimization campaigns that should lead to new classes of potent, lasting antimalarials.
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